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Symmetry breaking in a quantum system often leads to complex emergent be-
havior. In bilayer graphene (BLG), an electric field applied perpendicular to
the basal plane breaks the inversion symmetry of the lattice, opening a band
gap at the charge neutrality point. In a quantizing magnetic field electron
interactions can cause spontaneous symmetry breaking within the spin and
valley degrees of freedom, resulting in quantum Hall states (QHS) with com-
plex order. Here we report fractional quantum Hall states (FQHS) in bilayer
graphene which show phase transitions that can be tuned by a transverse elec-
tric field. This result provides a model platform to study the role of symmetry
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breaking in emergent states with distinct topological order.
The fractional quantum Hall effect (1) (FQHE) represents a spectacular example of emer-
gent behavior where strong Coulomb interactions drive the existence of a correlated many body
state. In conventional III-V heterostructures, the celebrated Laughlin wave function (2) together
with the composite fermion picture (3) provides a complete description of the series of FQHE
states that have been observed within the lowest Landau level. In higher Landau levels the
situation remains less clear, as in addition to Laughlin states, new many-body phases appear
such as the still controversial even-denominator 5/2 state (4) (presumed to be a Pfaffian with
non-abelian quantum statistics (5)), and a variety of charge-density wave states (6, 7).
Recently the nature of the FQHE in graphene has received intense interest (8–14) since the
combined spin and valley degrees of freedom are conjectured to yield novel FQHE states within
an approximate SU(4) symmetry space (assuming relatively weak spin Zeeman and short-range
interaction energies can be ignored). Furthermore, unlike conventional semiconductor systems,
which have shown limited evidence for transitions in fractional states (15–19), the wide gate
tunability of graphene systems coupled with large cyclotron energies allows for the exploration
of multiple different SU(4) order parameters for a large range of filling fractions. In bilayer
graphene, the capability to force transitions between different spin and valley orderings by cou-
pling to electric fields perpendicular to the basal plane as well as magnetic fields provides a
unique opportunity to probe interaction-driven symmetry breaking within this expanded SU(4)
basis in a fully controllable way (20–23). The most intriguing consequence of this field tunabil-
ity is the possibility to induce transitions between different FQHE phases (24–26). Thus, BLG
provides a unique model system to experimentally study phase transitions between different
topologically-ordered states.
While observation of the FQHE in monolayer graphene has now been reported in several
studies (8,9,11,12) including evidence of magnetic-field-induced phase transitions (27), achiev-
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ing the necessary sample quality in bilayer graphene (BLG) has proven a formidable chal-
lenge (10,13,14). Here we fabricate BLG devices encapsulated in hexagonal boron nitride using
the recently developed van der Waals transfer technique (28) (see supplementary materials (SM)
section 1.1). The device geometry includes both a local graphite bottom gate and an aligned
metal top gate, which allows us to independently control the carrier density in the channel
(n = (CTGVTG +CBGVBG)/e− n0, where CTG (CBG) is the top (bottom) gate capacitance per
area, VTG (VBG) is the top (bottom) gate voltage, e is the electron charge, and n0 is residual dop-
ing) and the applied average electric displacement field (D = (CTGVTG−CBGVBG)/2ǫ0−D0,
whereD0 is a residual displacement field due to doping). Crucially, these devices have the por-
tion of the graphene leads that extend outside of the dual-gated channel exposed to the silicon
substrate, which we utilize as a third gate to set the carrier density of the leads independently
(Fig. 1a). We have found that tuning the carrier density in the graphene leads has a dramatic
effect on the quality of magnetotransport data (see SM section 2.2) allowing us to greatly im-
prove the quantum Hall signatures, especially at large applied magnetic fields. Due to a slight
systematic n-doping of our contacts during fabrication, our highest-quality data is obtained for
an n-doped channel. We thus restrict our study to the electron side of the band structure.
Under application of low magnetic fields, transport measurements show a sequence of QHE
plateaus in Rxy appearing at h/4me
2, where m is a non-zero integer, together with resistance
minima in Rxx, consistent with the single-particle Landau level spectrum expected for bilayer
graphene (29). At fields larger than ∼5 T, we observe complete symmetry breaking with QHE
states appearing at all integer filling fractions, indicative of the high quality of our sample (fig.
1b). By cooling the sample to sub-kelvin temperatures (20-300 mK) and applying higher mag-
netic fields (up to 31 T), clearly developed fractional quantum Hall states (FQHSs) appear at
partial LL filling, with vanishing Rxx and unambiguous plateaus in Rxy. Fig. 1d shows an
example of a remarkably well formed FQHS at LL filling fraction ν = 2/3 appearing at ap-
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proximately 25 T. By changing VTG while sweeping VBG, we can observe the effect of different
displacement fields on these FQHSs. Fig. 1d shows an example of this behaviour at two demon-
strative top gate voltages. For VTG = 0.2 V, the ν = 2/3 and ν = 5/3 FQHSs are clearly visible
as minima σxx, whereas for VTG = 1.2 V, the ν = 2/3 state is completely absent, the 5/3 state
appears weakened, and a new state at ν = 4/3 becomes visible. This indicates that both the
existence of the FQHE in BLG, and importantly the sequence of the observed states, depend
critically on the applied electric displacement field, and that a complete study of the fractional
hierarchy in this material requires the ability to independently vary the carrier density and dis-
placement field.
To more clearly characterize the effect of displacement field it is illuminating to remap the
conductivity data versus displacement field and LL filling fraction ν. One such map is shown
in fig. 2a where we have focused on filling fractions between 0 < ν < 4. Replotted in this
way a distinct sequence of transitions, marked by compressible regions with increased conduc-
tivity, is observed for each LL. For example, at ν = 1 there is evidently a phase transition
exactly at D = 0, and then a second transition at large finite D. By contrast at ν = 2, there
is no apparent transition at D = 0, and while there is a transition at finite D, it appears at
much smaller displacement field than at ν = 1. Finally at ν = 3 there is a single transition
only observed at D = 0. This pattern is in agreement with other recent experiments (30). At
large displacement fields it is expected that it is energetically favorable to maximize layer po-
larization, indicating that low-displacement-field states which undergo a transition into another
state at large displacement field (e.g. ν = 1, 2) likely exhibit an ordering different from full
layer polarization. Following predictions that polarization in the 0-1 orbital degeneracy space
is energetically unfavorable (31), this could be a spin ordering, like ferromagnetism or antifer-
romagnetism, or a layer-coherent phase (31–34). This interpretation is consistent with several
previous experimental studies which reported transitions within the symmetry broken integer
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QHE states to a layer polarized phase under finite displacement field (20–23, 30).
At higher magnetic field and lower temperature (Fig. 2b) the integer states remain robust at
all displacement fields, indicating that the observed transitions in Fig. 2a are actually continuous
non-monotonic gaps that are being washed out by temperature or disorder when the gap is small.
At these fields FQH states within each LL become evident, exhibiting transitions of their own
with displacement field. Of particular interest in our study are the states at ν = 2/3 and ν = 5/3
which are the most well developed. A strong ν = 2/3 state is consistent with recent theory (35),
which predicts this state to be fully polarized in orbital index in the 0 direction. At ν = 2/3,
there is a clear transition apparent at D = 0, as well as two more at |D| ≈ 100 mV/nm. These
transitions are qualitatively and quantitatively similar to the transitions in the ν = 1 state seen
in Fig. 2b. For the 5/3 state, we present high-resolution scans at fields from 20-30 T in Fig. 2c.
Here we again observe a transition at D = 0 as well as at finite D. The finite D transitions,
however, occur at much smaller values than for either ν = 2/3 or 1. Indeed, they are much
closer inD value to the transitions taking place at ν = 2, which is almost a factor of∼8 smaller
than that of ν = 1.
In Fig. 3a-b we plot the resistance minima of 2/3 and 5/3 state, respectively, as a function
of D (corresponding to vertical line cuts through the 2D map in Fig. 2b). For the 2/3 state we
observe a broad transition, whose position we define by estimating the middle of the transition.
The 5/3 state exhibits much narrower transitions, which we mark by the local maximum of
resistance. Fig. 3c plots the location of transitions in D as a function of magnetic field B for
both integer and fractional filling fractions. Our main observation is that the transitions in the
fractional quantum Hall states and the transitions in the parent integer state (i.e., the smallest
integer larger than the fraction) fall along the same line in D vs. B. More specifically, the
finite D transitions for ν = 2/3 and ν = 1 fall along a single line of slope 7 mV/nm·T, and the
transitions for ν = 5/3 and ν = 2 fall along a single line of slope 0.9 mV/nm·T.
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We now turn to a discussion of the nature of these transitions. For the lowest LL of BLG,
the possible internal quantum state of electrons comprises an octet described by the SU(4) spin-
valley space and the 0-1 LL orbital degeneracy. Since ν = 1 corresponds to filling 5 of the 8
degenerate states in the lowest LL, the system will necessarily be polarized in some direction
of the SU(4) spin-valley space. The presence of a D = 0 transition for ν = 1 indicates that
even at low displacement field, the ground state exhibits a layer polarization which changes as
D goes through zero. At the same time, we expect that at large D the system is maximally
layer polarized. We therefore propose that the transition at finite D is between a 1/5 layer-
polarized state (e.g. 3 top layer, 2 bottom layer levels filled) and a 3/5 layer-polarized state (e.g.
4 top layer, 1 bottom layer levels filled) (32–34). Interestingly, the quantitative agreement of
the transitions for ν = 2/3 and ν = 1, shown in Fig. 3c, strongly suggest that the composite
fermions undergo a similar transition in layer polarization.
While the observed transition at ν = 1 and its associated FQHE (i.e., ν = 2/3) can be
explained by a partial-to-full layer polarization transition, the nature of the transition at ν = 2
is less clear: presumably again the high D state exhibits layer polarization, but we do not have
any experimental insight as to the ordering of the low D state. Additionally, while the finite
D transitions in the 5/3 state seem to follow the ν =2 transitions quantitatively (Fig. 3c), the
5/3 state also has a clear transition at D = 0, suggesting there may be a different ground state
ordering of the 5/3 and 2 states very nearD = 0. In particular, the transition atD = 0 indicates
that the ν = 5/3 state exhibits layer polarization even at low displacement field, in a state
separate from the high-displacement-field layer polarized state, whereas this does not appear to
be true at ν = 2. One possible explanation for this result could be the formation of a layer-
coherent phase that forms at ν = 2 filling (34), but which is not stabilized at partial filling of
the Landau level.
We also briefly mention other observed FQHSs. At the highest fields we see evidence
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of ν = 1/3 and ν = 4/3 (see supplemental 2.3 and Fig. 2c), with both exhibiting a phase
transitions that appear to follow those of ν = 2/3 and ν = 5/3, respectively. We have also
observed transitions in the ν = 8/3 state with displacement field (see Fig. 2b), though we do
not have a systematic study of its dependence on magnetic field due to our limited gate range.
Qualitatively, there is a region at low D where no minimum is apparent which gives way to
a plateau and minimum at finite D. The ν = 3 state exhibits a similar transition at D = 0,
indicating that there may also be a correspondence between the integer and fractional states in
the ν =3 Landau level. The inset of Fig. 3c summarizes these observations, while the detailed
data are available in SM section 2.6. Lastly, we have preliminary evidence that the fractional
hierarchy breaks electron-hole symmetry (14) (see SM section 2.3), as the clearest fractional
states we observe can be described as ν = m− 1/3 wherem is an integer.
The electric-field-driven phase transitions observed in BLG’s FQHE indicate that ordering
in the SU(4) degeneracy space is critical to the stability of the FQHE. In particular, quantitative
agreement between transitions in FQH states and those in parent integer QH states suggests that
generally the composite fermions in BLG inherit the SU(4) polarization of the integer state, and
couple to symmetry breaking terms with the same strength. However, an apparent disagreement
in the transition structure at ν =5/3 and ν =2 indicates that there may be subtle differences in
the ground state ordering for the integer and fractional quantum Hall states.
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Fig. 1. A) Schematic diagram of the dual-gate device architecture. B) σxx as a function of
top and bottom gate voltages at B=14 T, and T=1.8 K. All broken symmetry integer states are
visible. White dashed lines indicate degenerate cyclotron gaps C) Rxx and Rxy as a function of
magnetic field at a fixed carrier density (n = 4.2×1011 cm−2). A fully developed ν = 2/3 state
appears at ∼25 T, with a 3/5 state developing at higher field. D) σxx vs. filling fraction at 30 T,
300 mK acquired by sweeping the bottom gate for two different top gate voltages.
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ZKLFKLVWRWDOO\EXEEOHIUHH7KHVWDFNLVWKHQHWFKHGWRH[SRVHWKHJUDSKHQHHGJHVZKLFK
DUH RXWVLGHRI WKHJUDSKLWH UHJLRQ )LJ6)(GJHFRQWDFW LV WKHQPDGHE\GHSRVLWLQJ
QPRI&U3G$XOD\HUV$PHWDOWRSJDWHLVILQDOO\GHSRVLWHGWRDFKLHYHWKHGXDO
JDWHGGHYLFH)LJ6%


4


)LJ 6 6FKHPDWLF RI WKH IDEULFDWLRQ SURFHVV RI D GXDOJDWHG %1JUDSKHQH%1
GHYLFH$7RSOD\HUK%1IODNH33&ILOPLVQRWVKRZQLQWKLVVFKHPDWLF%7RS%1
IODNHSLFNVXSDSLHFHRIELOD\HUJUDSKHQHXVLQJWKHYG:PHWKRG&7RS%1IODNHZLWK
ELOD\HU JUDSKHQH SLFNV XS ERWWRP OD\HU %1 XVLQJ WKH YG: PHWKRG ' $ SLHFH RI
JUDSKLWH ZKLFK ZLOO EH XVHG DV WKH ORFDO JDWH LV SUHSDUHG RQ 6L26L VXEVWUDWH E\
PHFKDQLFDOO\H[IROLDWLRQ(7KH%1JUDSKHQH%1VWDFNLVWUDQVIHUUHGRQWRWKHJUDSKLWH
XVLQJWKHYG:PHWKRG)7KH%1JUDSKHQH%1VWDFNLVHWFKHG*(OHFWULFDOOHDGVWR
WKHGHYLFHDUHPDGHE\HGJHFRQWDFW+7RSJDWHPHWDOLVGHSRVLWHG


)LJ6 $)0 DQG RSWLFDO LPDJHV RI WKH GHYLFH $ $)0 LPDJH RI WKH
%1JUDSKHQH%1JUDSKLWHVWDFNRQ6L2VXEVWUDWHWDNHQDWWKHVWDJHRI)LJ6(VWHS%
2SWLFDOLPDJHRIWKHILQDOGHYLFH
5

6XSSOHPHQWDU\WH[W

/RZWHPSHUDWXUHWUDQVSRUWDW]HURPDJQHWLFILHOG
)LJ6 VKRZV WKHPHDVXUHG UHVLVWLYLW\ DV D IXQFWLRQRI WKH ORFDOJUDSKLWHJDWHYROWDJH
7KHERWWRP%1WKLFNQHVVLVQPPHDVXUHGE\$)01HJDWLYHUHVLVWDQFHLVREVHUYHG
LQGLFDWLQJEDOOLVWLFWUDQVSRUWDFURVVWKHGLDJRQDORIWKHGHYLFH7KDWJLYHVDQHVWLPDWLRQRI
WKHORZHUERXQGRIWKHFDUULHUPHDQIUHHSDWKWREHPZKLFKFRUUHVSRQGVWRDFDUULHU
PRELOLW\YDOXHRIFP9V

)LJ 6 )RXU WHUPLQDO UHVLVWLYLW\ PHDVXUHG DV D IXQFWLRQ RQ ORFDO JUDSKLWH JDWH
YROWDJH=RRPLQJLQRQWKHFXUYHQHDU]HURUHVLVWDQFHLVVKRZQLQWKHLQVHW$QHJDWLYH
UHVLVWDQFHLVREVHUYHGLQGLFDWLQJEDOOLVWLFWUDQVSRUW


6

(IIHFWRIJDWHWXQLQJWKHJUDSKHQHOHDGVRQWKHTXDQWXP+DOOPHDVXUHPHQW
,QDOORXUGHYLFHVZHNHHSDGLVWDQFHW\SLFDOO\UDQJLQJIURPWRPGHSHQGLQJRQ
WKH DOLJQPHQW DFFXUDF\ RI WKH OLWKRJUDSK\ EHWZHHQ WKH PHWDO OHDGV DQG WKH WRS DQG
ERWWRPJDWHWRSUHYHQWDQ\GLUHFWVKRUWRUOHDNDJHEHWZHHQWKHGHYLFHOD\HUDQGWKHJDWHV
7KLV UHVXOWV LQD VPDOO OHQJWKRI WKH OHDGZKLFK LVPDGHRIJUDSKHQHDQGZKLFK LVQRW
GXDOJDWHGE\WKHORFDOWRSDQGERWWRPJDWHV)LJ6'XHWRJUDSKHQH¶VORZUHVLVWLYLW\
WKHVH JUDSKHQH OHDGV DUH FRPSOHWHO\ VXLWDEOH YROWDJH SUREHV DW ]HUR PDJQHWLF ILHOG $W
KLJK PDJQHWLF ILHOG KRZHYHU WKHȞ    VWDWH LV VWURQJO\ LQVXODWLQJ 37 7KXV DQ\ 31
MXQFWLRQWDNLQJSODFHLQWKHJUDSKHQHOHDGZLOOEHFRPHKLJKO\UHVLVWLYHDQGZLOOUHVXOWLQD
SRRUYROWDJHSUREH7RRYHUFRPH WKLVSUREOHP DKLJKYROWDJH LV DSSOLHG WR WKH VLOLFRQ
EDFNJDWHWRLQGXFHDKLJKFDUULHUGHQVLW\LQWKHJUDSKHQHOHDGVRIWKHVDPHW\SHDVWKH
GHYLFHFKDQQHO7KHGHYLFHFKDQQHOLVQRWDIIHFWHGE\WKHVLOLFRQEDFNJDWHWKDQNVWRWKH
VFUHHQLQJ RI WKH ORFDO JUDSKLWH JDWH )LJ 6 VKRZV D FRPSDULVRQ RI TXDQWXP +DOO
PHDVXUHPHQWV RI WKH ORQJLWXGLQDO UHVLVWDQFH 5[[ DQG WKH +DOO FRQGXFWLYLW\ ı[\ DV D
IXQFWLRQRIORFDOEDFNJDWHYROWDJHZLWKWKHVLOLFRQJDWHEHLQJVHWWR9DQG97KH
ORFDOWRSJDWHLVVHWWR9&OHDUO\RQWKHHOHFWURQVLGHEHWWHUGHYHORSHGSODWHDXVLQı[\
DQGPLQLPD LQ5[[ DUHREVHUYHGZKHQ WKH VLOLFRQJDWH LV VHW WR9+RZHYHURQ WKH
KROHVLGHGDWDDUHQRWLPSURYHGGXHWRD31MXQFWLRQEHWZHHQWKHOHDGDQGWKHFKDQQHO
&RQYHUVHO\ZKHQWKHVLOLFRQJDWHLVVHWWREH±9WKHKROHVLGHLVLPSURYHGDQGWKH
HOHFWURQVLGHLVGHJUDGHG
7


)LJ66FKHPDWLFGLDJUDPVKRZLQJWKHJUDSKHQHOHDGVRIWKHGHYLFH


)LJ 6 &RPSDULVRQ RI WKH TXDQWXP +DOO PHDVXUHPHQWV IRU GLIIHUHQW LQGXFHG
FDUULHUGHQVLWLHVLQWKHJUDSKHQHOHDGV$VLOLFRQJDWHYROWDJHLV9%VLOLFRQJDWH
YROWDJHLV9&VLOLFRQJDWHYROWDJHLV±9
8


/RQJLWXGLQDODQG+DOOFRQGXFWLYLW\YHUVXVFDUULHUGHQVLW\DW7P.
7KH ORQJLWXGLQDODQG+DOO FRQGXFWLYLW\DUHPHDVXUHGXQGHUDPDJQHWLF ILHOGRI7DW
P.,Q)LJ6DGHWDLOHGSORWRIWKHORZHVW/DQGDXOHYHOLVJLYHQ:HREVHUYHWKH
TXDQWL]DWLRQRIı[\WRYDOXHVRIȞHKFRQFRPLWDQWZLWKPLQLPDLQ5[[DWIUDFWLRQDOILOOLQJ
IDFWRUVȞ    DQG7KLVVHTXHQFHEUHDNVHOHFWURQ
KROH V\PPHWU\ 14 DQG VHHPV WR LQGLFDWH WKDW WKH VHTXHQFH GHVFULEHG E\ Ȟ   P
ZKHUHPLVDQLQWHJHUDUHWKHPRVWUREXVWIUDFWLRQDOVWDWHV

)LJ6/RQJLWXGLQDODQG+DOOFRQGXFWLYLW\DVDIXQFWLRQRIORFDOEDFNJDWH

)UDFWLRQDOTXDQWXP+DOOVWDWHȞ DVDIXQFWLRQRIGLVSODFHPHQWILHOG
$VVKRZQLQ)LJ6WKHILQLWH'WUDQVLWLRQIRUȞ VWDWHRFFXUVDWKLJKHU'YDOXHV
FRPSDUHGZLWKȞ VWDWH$VWKHPDJQHWLFILHOGLQFUHDVHVWKHWUDQVLWLRQEURDGHQVDQG
LWV'YDOXHDOVRLQFUHDVHV
9


)LJ6)UDFWLRQDOTXDQWXP+DOOVWDWHDVDIXQFWLRQRIGLVSODFHPHQWILOHGXQGHU
PDJQHWLFILHOGYDOXHVRI77DQG7

)UDFWLRQDOTXDQWXP+DOOIRUȞ!
,QDGGLWLRQWRWKHIUDFWLRQDOTXDQWXP+DOOVWDWHVLQWKHUDQJHȞZHDOVRREVHUYH
IUDFWLRQDOVWDWHVLQWKHUDQJHȞ:HVHHHYLGHQFHRIDQGDOORI
ZKLFKIROORZWKHQKLHUDUFK\SURSRVHGLQVHFWLRQ)LJ6D:HGRQRWVHH
REYLRXVWUDQVLWLRQVLQGLVSODFHPHQWILHOGLQWKHVHKLJKHU//IUDFWLRQVEXWWKLVFRXOGZHOO
EHGXHWRPHDVXUHPHQWLVVXHVUHODWHGWRWKHH[WUHPHO\KLJKJDWHYROWDJHVQHHGHGWR
REVHUYHWKHVHVWDWHV)LJ6E:HREVHUYHQRHYLGHQFHRIIUDFWLRQVIRUȞ!

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

)LJ6)UDFWLRQDOTXDQWXP+DOOLQKLJKHU/DQGDXOHYHOV$/RQJLWXGLQDO
FRQGXFWLYLW\DVDIXQFWLRQRIILOOLQJIUDFWLRQDQGPDJQHWLFILHOG'DWDWDNHQDWP.%
/RQJLWXGLQDOFRQGXFWLYLW\DVDIXQFWLRQRIILOOLQJIUDFWLRQDQGGLVSODFHPHQWILHOGDW7
P.

'DWDVHWVIRU)LJF
,QILJXUH6ZHGLVSOD\WKHUHPDLQLQJGDWDWKDWZHQWLQWR)LJF'DWDIURPWKHGHYLFH
PDUNHGDVDFLUFOHLVDOVRSUHVHQWHGLQ)LJF)LJEDQG)LJ6'DWDIURPWKHGHYLFH
PDUNHGDVDVTXDUHLVDOVRLQ)LJD)LJE)LJDDQG)LJ6'DWDIURPWKHGHYLFH
PDUNHGDVDGLDPRQGLVDOVRSUHVHQWHGLQ)LJE

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

)LJ6$OOSUHYLRXVO\XQSUHVHQWHGGDWDVHWVIRUWKHSORWLQ)LJF6\PEROVGHVLJQDWH
GLIIHUHQWGHYLFHVDQGFRUUHVSRQGWRV\PEROVLQ)LJF7UDQVLWLRQVIRUȞ Ȟ DUH
FLUFOHGLQEOXHUHG

5HIHUHQFHV
)HOGPDQ%(0DUWLQ-	<DFRE\$Nat Phys±

